Low-cycle thermal-mechanical fatigue as an accelerated creep test  by Mandziej, S.T.
Available online at www.sciencedirect.com
Procedia Engineering  00 (2009) 000–000 
Procedia
Engineering
www.elsevier.com/locate/procedia
Fatigue 2010 
Low-cycle thermal-mechanical fatigue as an accelerated creep test 
S.T. Mandziej *
Advanced Materials Analysis, P.O.Box 3751, NL-7500DT Enschede 
Received 6 March 2010; revised 9 March 2010; accepted 15 March 2010 
Abstract 
An accelerated creep test (ACT) has been developed for ferritic / martensitic creep resistant steels and weld metals, aiming to
speed-up the microstructure transformation to the same extent like it occurs during real multi-year creep. Using low-cycle 
thermal-mechanical fatigue on Gleeble physical simulator, the compositions of precipitated phases, mainly carbides, could reach
in less than 30 hours the state near to the thermodynamic equilibrium, as predicted by Thermocalc. Accordingly the equivalent 
depletion of alloying elements occurred in the steel’s / weld metal’s matrix, resulting in decrease of creep strength prior to failure 
by elevated temperature fracture. Based on TEM observations discussed are precipitation processes related to changes in creep 
behaviour as well as dislocations interactions with the precipitates resulting in the acceleration of creep.  
A particular role in the acceleration of the carbide precipitation and the steel’s matrix transformation was ascribed to meta-stable 
mobile edge dislocations of a<001> Burgers vector, which were found to effectively transport interstitial elements. The thermal-
mechanical fatigue procedure of the ACT consists of compression-tension cycles containing steps of generating these edge 
dislocations as reaction products between intersecting families of a/2<111> screw dislocations saturated with interstitials and 
dragging the interstitials dissolved in cores of the a<001> edge dislocations to finally dispose the interstitials at grain boundaries 
or phase boundaries while annihilating these edge dislocations.
The developed ACT procedure obeys the following principles:  
x The basic temperature and applied strains prevent odd transformations like secondary dissolution of carbides or 
intensive formation of non-equilibrium phases. 
x The final deformation at fracture is like at real creep – just a few pct in total.  
x The depletion of weld metal or steel matrix in alloying elements is achieved similar to that of crept steels and the 
carbide phases at onset of cracks are not different.  
This ACT procedure was already effectively applied in 2001-04 within 5thFP EU R&D project “SmartWeld” (G1RD-CT-2001-
00490) to development of new generation weld metals for power generation applications, and most recently was implemented in 
studies on new materials for super-critical power-generation components and on determining of remnant lifetime of power plants,
in the course of EU collaboration actions COST-536 and COST-538. Actually the ACT is included into research / technical 
services provided to interested customers by the manufacturers of the Gleeble series physical simulators, i.e. the DSI company 
from Poestenkill, NY, USA. 
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1. Introduction  
The development of the simulative accelerated creep test (ACT) on Gleeble thermal-mechanical simulator has 
been a response to an overall need of gaining in a short time useful physical data for estimation of long-term 
behaviour of materials exposed to operation at elevated temperatures. Moreover, the existing standardized 
procedures and equipment for the conventional creep testing are not perfect; they mainly apply constant loads on the 
samples which as long as uniform elongation of the last appears can be corrected however never when the necking 
of sample occurs. Then most of creep rigs have vertical configuration, which does not allow avoiding the “chimney 
effect” of the heat flow, producing the crept samples fractured mostly in their upper portion. Finally, the long-term 
exposure to uncontrolled atmosphere is adding to the problem due to corrosion and/or changing the chemistry of the 
alloy’s surface, which atmosphere is anyway different than that which occurs in power generating or chemical 
processing plants. 
While an estimation of the power plants lifetime is based on such standard long-term creep data, which are 
generally available for the hot rolled and heat-treated plate and pipe creep resisting materials, for the welds on the 
power plants components such data are difficult to find. This is because of numerous factors appearing in the 
welding procedures and affecting the creep strength and creep life of the welds, in particular the repair welds. 
Several accelerated testing procedures, which have been developed to predict the time to failure of critical power 
generation components, often apply small strains and/or slow plastic deformation rates to accelerate microstructural 
transformation processes characteristic of metal alloys exploited at creep conditions [e.g.1].   
Creep by definition is a phenomenon of extension of material under constant load, and is a function of the 
plasticity of this material. Thus increase of the plasticity of the material adequately increases its rate of creep. 
Particularly effective acceleration of creep can be due to pre-loading in opposite direction - the Bauschinger effect 
[2].  At low / ambient temperatures for pure metals and single-phase alloys a substantial amount of creep can be 
ascribed to the movement of mobile dislocations and formation of their creep-related configurations [3]. In a two-
phase alloy comprising matrix with reinforcing particles, usually generation and flow of dislocations, then 
interaction of them with the particles, and finally annihilation of dislocations occur, accompanied by growth and 
coalescence of the precipitates. These processes are thermally activated and any increase of temperature accelerates 
them. Next to the temperature, the second driving force is the amount of stored energy in the alloy.  
Modern creep resisting steels and welds of Cr-Mo-V system originally owe their level of stored energy to 
martensitic-bainitic transformation, which occurs during cooling down from their hot forming / processing 
temperatures. This process-induced level of stored energy usually becomes reduced by application of tempering, and 
can be additionally manipulated by an imposed plastic deformation. The last, when applied in a cyclic manner at 
elevated temperature of the material’s operation, by multiplying the Bauschinger effect [2] and then promoting the 
annihilation of generated dislocations, is supposed to substantially accelerate the creep.  
In 1960s and 70s at the Silesian University of Technology in Gliwice, Poland, various research works were 
carried out on carbide spheroidization treatment for high- and medium-carbon steels as well as on rapid 
recrystallization of steels. In the case of spheroidization it appeared that the time of such normally very long-lasting 
heat-treatment operation could be reduced to just a few seconds when electric resistance heating was applied. 
Particularly effective in this instance was the rapid induction heating [4], successfully implemented in industrial 
practice. The observed in this process fast diffusion of interstitials was ascribed to an earlier unknown lattice 
resonance phenomenon assisted by high frequency electric currents, in order to explain its contradiction with the 
existing classic lattice diffusion laws. The use of an “internal heating source” of the electro-thermal treatment in 
general has been considered as an accelerator of particles coagulation and growth, in the first instance due to 
instantaneous all-volume heating and then due to concentration of electric current and overheating of interface 
between the matrix and second phase particles [4,5]. 
An additional accelerating effect of the electro-thermal treatment appeared to be on recovery and 
recrystallization, which processes to some extent compete with each other and any substantial release of stored 
energy at the last stage of recovery - the polygonization of dislocations, usually delays the recrystallization, while 
concentration of strains e.g. at second phase particles should during annealing cause rapid nucleation of 
recrystallization around these particles [6].  
The polygonization of dislocations in iron and formation of two-dimensional networks during conventional 
annealing is a long-lasting process [7], nevertheless for cold-drawn 17%Cr steels, rapidly annealed by high-
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frequency induction currents, its time could be reduced to just a few seconds when the initial substructure was after 
adequate amount of cold work  [8].  
In pure iron and in ferritic steels the dislocations in the polygonized networks are mainly of screw type having 
a/2<111> Burgers vectors, reacting to produce connecting them segments of a<001> dislocations [9]. These 
reaction products of a/2<111> screw dislocations appeared after low temperature deformation [7]. They were also 
observed in cold deformed dual-phase steels during evolution of initial dislocation substructure [10]. In another 
work on dual-phase steels the dislocation configurations containing a/2<111> screw dislocations combined with 
a<001> edge dislocations, it was observed that these a<001> edge dislocations were mobile [11] “jumping” from 
one to another position at rates exceeding recording capability of a standard TV camera while leaving behind visible 
traces on foil’s surface. The speed of such “jumping” could be estimated as being of a few microns per millisecond 
i.e. in the order of millimetres per second. It was revealed that two intersecting families of a/2<111> screw 
dislocations react to form a<001> edge dislocations, and this reaction although energetically non-favourable 
(instead a<001> screw dislocations should form) appears very often when the a/2<111> screw dislocations during 
movement become saturated by interstitials. In a study [12] on this type low-energy dislocation configurations, the 
in-situ TEM heating experiments showed intensive carbide precipitation along <110> directions at locations where 
the a<001> edge dislocations annihilated, Fig.1ab. In these experiments carried out at 6250C, it was observed that 
the a<001> edge dislocations were moving with quite high rates, dragging substantial amounts of interstitials and 
depositing these upon annihilating, thus forming colonies of fine precipitates aligned in the directions of their former 
lines i.e. <110> directions.  
Fig. 1. Dislocation substructure in partly annealed in-situ ferrite of dual-phase steel containing a<001> edge dislocations (a) and a row of fine 
precipitates formed after the “jump” of these dislocations to location (b) and their annihilation there; TEM, thin foil.  
Classic diffusion laws suggest possible velocity of interstitials in solid state in steel at about 10000C as of some 
millimetres per hour [13], while practical applications like case-hardening of low-carbon steel give results some two 
orders of magnitude slower. Brittle cracks in large steel structures can spread with high velocities reaching the speed 
of sound and always on the brittle fracture surfaces evidences of plastic deformation are observed like “river lines” 
[14] the last being due to shear by multiple screw dislocations. Considering the movement of dislocations as a self-
diffusion process while acknowledging their ability to drag interstitial atoms, a discrepancy appears between these 
classic diffusion laws and the evident displacements of interstitial atoms due to their transport by the dislocations 
[15]. A compromise can be reached by considering that dragging of interstitials is effective at slow strain rates while 
at faster glide the dislocations do not pick-up any new interstitials and may loose these already embedded in their 
cores.  
2. The accelerated creep test on Gleeble.   
The Gleeble is the trade mark of a dynamic physical simulator able to simultaneously execute programmed 
thermal and mechanical cycles with strain rates from 0.00001/sec to 100/sec and heating rates from 10,000K/sec till 
a b
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a steady hold, at temperatures from ambient up to melting of any metal alloy. On this thermal-mechanical simulator 
the procedure was designed combining all the above-mentioned factors in order to substantially increase the 
microstructure transformation speed and to create an accelerated creep test (ACT). In particular a combination of 
elastic-plastic tensile and compressive strains was applied on the creep resisting steel (or weld metal) sample during 
its thermal cycling in the temperatures characteristic of creep, while using the additional advantage of the AC 
electric resistance heating.  
In setting-up parameters of this low-cycle thermal-mechanical fatigue procedure the following principles were 
obeyed:  
x The basic temperature and applied strains had to prevent odd transformations like secondary dissolution of 
carbides or intensive formation of non-equilibrium phases. 
x The final deformation before fracturing had to be like at real creep – just a few pct in total.  
x The depletion of weld metal or steel matrix in alloying elements should be achieved similar to that of crept 
steels and the carbide phases at onset of cracks could not be different.  
The developed low-cycle deformation-relaxation test relies on the response of the tested material and various 
programmed testing procedures can be used for intensifying transformations in various regions or components of 
microstructures. Size and mounting of specimens in Gleeble allows a uniformly heated zone formed in the middle-
span of the sample and the portion of material in this zone undergoes the transformation in controlled manner. To 
better define this zone, gauge portion of a reduced diameter is made on the sample.  
Fig. 2. Sizes of cross-weld samples used for ACT on all-weld-
metal and on weld’s HAZ. 
Fig. 3. Mounting of the ACT sample in the Gleeble’s “pocket-
jaws” assembly.   
Fig. 5. The shape of ACT sample after the test stopped before 
fracturing and the internal crack revealed on cross section 
Fig. 4. Transformation of microstructure from grip portion 
through transient zone (TZ) to uniformly heated zone (UHZ)  
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The ACT was primarily invented for welded joints, in particular for repair welding, and its first larger application 
appeared in the EU R&D project “SmartWeld” (G1RD-CT-2001-00490). In that project all-weld-metal samples and 
samples of true welds and their heat-affected zones welds were tested. Dimensions of such samples and their 
mounting in Gleeble’s jaws are shown in Fig.2.  
The prepared all-weld-metal and HAZ-type ACT samples mounted in the Gleeble’s “pocket- jaws” assembly, 
like in Fig.3, were subjected to the programmed cycles of thermal-mechanical fatigue, run till failure or till pre-
determined stress or strain. After the ACT on the longitudinally sectioned samples could be revealed that the 
uniformly heated and well-transformed zone in the gauge portion was of 9-10mm long, Fig.4. In homogeneous 
materials often before the crack appearance on the surface internal cracks were formed extending perpendicularly to 
the sample’s axis, Fig.5. In microstructurally inhomogeneous samples the cracks followed the “weakest links” like 
the HAZs of the welds, also often nucleating from inside. When the tests were run in active atmospheres of air or 
steam, usually surface cracks appeared at first.  
During the ACT on Gleeble, stress, strain, strain rate and temperature as well as dilatometric data are recorded, 
out of which strain-time and stress-time graphs can be produced like these given below in Figs 6 & 7. On the strain-
time graph the “zero-stress” line resembles well the shape of the typical creep curve while on the stress-time graph 
the continuous decrease of yield stress at the test temperature can be observed. The recorded data also allow to 
watch the change of (pseudo)-elasticity modulus E* with the progress of test.  
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Fig. 6. Strain-time graph of the ACT at 6250C on a sample 
of P92 pipe material 
Fig. 7. Stress-time graph of the ACT at 6250C on a sample 
of P92 pipe material 
Fig. 8. Expanded central part of stress-time graph of the ACT at 
625
Fig. 9. Expanded central part of strain-time graph of the ACT at 
6250 0C on P92 pipe material C on P92 pipe material 
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In each cycle during the relaxation on tension the yield stress drops rather continuously, Fig.8, while at the same 
time the extensions do vary, Fig.9, due to the exerted pre-compressions and can be interpreted in terms of the effect 
of these pre-compressions on the dislocation substructure of the sample and its transformation during the relaxation. 
Usually the tests are run till failure of the sample, however they can be interrupted anytime and specimens for 
fine fractographic or microanalytical investigations taken before fracturing. As the tests for different materials are 
run at different temperatures and the response of material gives various stress equivalent to the YS at elevated 
temperature of the test, to compare the ACT results the duration of the test and its temperature can be included in the 
following parameter: 
PACT = (7 + log t) * T/100 
where: t  =  time of test in [ksec], and T =  temperature in [K].  
Then, the creep strength factor in ACT can be calculated as:  
FACT = PACT * RS /100 
where RS is the average stress of all ACT cycles measured during relaxation on tension.   
Selected examples of results obtained at different ACT temperatures for various P91 weld metals in as welded 
(AW series) and heat treated (HT series) condition are given in Table 1.  
Table 1. Examples of ACT results on P91 weld metals  
Material & state ACT temp. 
[degC] 
ACT time to 
fracture [ksec] 
Tensile relaxation stress  
RS  [MPa] 
Creep strength factor    
FACT  [MPa] 
P91-AW1 625 22.0 305 228
P91-HT1 625 37.6 273 210
P91-AW2 620 38.0 395 303
P91-HT2 620 51.3 177 138
P91-HT3 600 28.3 325 240
P91-HT4 600 26.3 318 233
P91-HT5 600 82.6 336 262
In the following Table 2 are given micro-hardness test results on samples taken of exploited power plant 
components and on the ACT samples of similar creep resisting materials. These results show hardness after the ACT 
very similar to that after the multi-year exposure to creep.  
354 S.T. Mandziej / Procedia Engineering 2 (2010) 349–358
S.T. Mandzie j/ Procedia Engineering 00 (2010) 000–000 7
Table 2. Examples of micro-hardness measurement results  
Micro-hardness HV 100G Material / sample / exposure 
initial after exposure or  testing 
P91 component 1 – pipe / 3 years - 5680C n.a. 231
P91 component 1 – weld / 3 years - 5680C n.a. 258
P91 component 1 – bottle / 3 years - 5680C n.a. 243
P91 component 2 – antler / 9 years - 6000C n.a. 229
P91 component 2 – weld / 9 years - 6000C n.a. 208
ACT - P91 standard weld metal 1 / 6000C-28.3ks 287 230
ACT - P91 standard weld metal 2 / 6000C-82.6ks 285 223
ACT - P91 standard weld metal 3 / 6250C-37.6ks 285 217
ACT - P91 lean TB weld metal  / 6200C-51.3ks 298 193
ACT - P92 standard weld metal  / 6250C-21.3ks 294 240
ACT - P92 standard pipe / 6250C-22.1ks 268 228
3. Discussion
Quoting one fundamental statement from the literature [16]: “The problem of defining creep mechanisms, even in 
single crystals, is still far from accomplished”, and neglecting the high-temperature low-stress diffusion creep 
mechanisms of Nabarro-Herrings or Coble, which appear impractical in the case of creep resisting steels and welds 
used in power generation, one must consider the major role of dislocations in affecting the behaviour of these 
materials during creep. As the loss of strength in the martensitic-bainitic steels is associated with transformation of 
their microstructure, due to precipitation and coagulation of carbides and/or formation of intermetallic phases as 
well as recovery and recrystallization of matrix, metallographic and microanalytical investigations are needed to 
confirm the reliability of the new testing procedure – the ACT.  
According to the above, an attention was given to the dislocation substructures in the failure case study on power 
generation component, which prematurely failed by type-IV cracking in heat affected zone of the weld after only 
~3years of service at 5680C.   
Fig. 10. 3-years / 5680C crept P91 weld with a void and 
microfissures in inter-bead HAZ; FeCl
Fig. 11. High-density of carbides near micro-fissure in HAZ of 3-
years crept P91 weld; FeCl3 etched, macro-
photograph 
 etched, light microscope image 3
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Any component never fails in an “average” region of its microstructure and HAZs of welds are critical sites 
where microstructural non-homogeneity and related decrease of properties may occur. On the macro-image, Fig.10, 
of the weld’s cross-section a void and microfissures were found, nevertheless the failure of the joint did not initiate 
from them. At a larger magnification on metallographic picture, Fig.11, near to the microfissures higher than 
average density of coagulated carbides could be noticed.  
Fig. 13. Dislocation substructure containing a<001> edge 
dislocations in P91 steel after service for ~3years at 568
Fig. 12. Well recovered / recrystallized microstructure of weld’s 
HAZ in P91 steel after ~3years of service at 5680 0C; TEM thin foil C;
TEM thin foil 
Testing of thin foil specimens in TEM revealed that the microstructure in the HAZ near to the weld’s root is 
substantially recovered or recrystallized with large agglomerates of carbides and/or Laves phases, Fig.12, while 
further away from the weld in the parent pipe material the recrystallization was less advanced and in semi-recovered 
ferrite subgrains and grains characteristic substructure appeared containing substantial amount of a<001> edge 
dislocations, Fig.13.   
The intention of the accelerated creep test, in particular by its initial compressive elastic-plastic straining, is to 
initiate the formation in the microstructure of the tested material the dislocation configurations, which may assist 
rapid transformation of the microstructure. Then in the non-homogeneous microstructure of the welds strains are 
expected to accumulate near its “weakest links” and in the following thermal cycles intensive precipitation and 
consequently depletion of the matrix in alloying elements should occur there, producing well recrystallized and non-
creep resistant regions in which soon the creep voids could form.  
Fig. 14. Substructure of criss-crossing a/2<111> screw dislocations 
and a<001> edge dislocations on their intersections, at half-life in 
ACT; P91 weld metal tested at 600
Fig. 15. Fine recrystallized ferrite grains with arrays of carbides, 
in P91 weld metal sample after completed ACT at 6000C; TEM, 
thin foil0C; TEM thin foil
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Accordingly in the study on optimizing the ACT procedure numerous samples were taken from the intermediate 
stages of their transformation. In the Figs 14 & 15 an example is given of microstructure of a P91 weld metal at its 
“half-life” in the test and after completion of it. The dislocation configurations dominating in the microstructure of 
the samples at half-life in ACT, were identified as being of criss-crossing 
a/2<111> screw dislocations on 
intersections of which the a<001> edge dislocations were formed, Fig. 14. In the recrystallized microstructure after 
the ACT arrays of carbides appeared following very often the directions of the former lines of the a<001> edge 
dislocations. These observations confirmed that the micromechanism of the accelerated creep in the tested P91 creep 
resisting steels and welds is to a large extent related to the presence and action of the a<001> edge dislocations.  
As to chemical compositions of phases appearing after the ACT of the studied P91 steels and weld metals, they 
fulfilled the requirement of being identical with these present after multi-year true creep. This was confirmed by 
microanalytical investigations and additionally by Thermocalc prediction of the phases’ appearance at 
thermodynamic equilibrium [17,18]. Nevertheless, the number of the biggest second phase precipitates after the 
ACT, in particular the M23C6 carbides, appeared to be larger than in some samples taken from truly-crept 
components, and consequently these M23C6 carbides after the ACT were smaller.  
As to the case study on the prematurely failed P91 component, it is hard to tell whether the “unfortunate” 
dislocation substructure was produced in it due to improper alloying, or was it a reason of specific processing 
conditions and poor heat treatment, or was it resulting from the service situation in which vibrations and shutdowns 
certainly occurred. Nevertheless for such creep resisting materials, which are prone to the generation of the 
discussed here dislocation configurations, the designers should take into account the fact that the combination of 
creep with fatigue may seriously affect the lifetime of their products.  
4. Conclusions 
1. Low-cycle thermal-mechanical fatigue accelerates transformation of microstructure and precipitation of 
secondary phases, thus accelerating the creep.  
2. Substantial role in the accelerated microstructure transformation is played by meta-stable a<001> edge 
dislocations able to effectively transport interstitials.  
3. From the accelerated creep tests as well as from case studies appears that the accumulated strains speed-up the 
weakening of the matrix and assist local failures.  
4. In the design and exploitation of components of power generating plants care should be taken that the combined 
effects of creep, deformation and fatigue will not adverse affect their lifetime.  
5. The accelerated creep test developed on Gleeble can be a useful alternative to the existing standardized tests, 
especially that it is giving adequate transformation of microstructure in much shorter time than the conventional 
tests.
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